Abstract-In this paper, three different types of graphene based tapered slot antennas are designed for ultra-wideband (UWB) applications. The taper profiles for three antenna types are linear, exponential, and constant width. A single layer graphene sheet of 35 µm thickness is used to model the radiating element and feeding structure of the designed antennas. To feed the antennas, microstrip to slotline transition technique is adopted. An approximate analytical theory based on conical transmission line model is considered to authenticate the design of graphene based tapered slot antennas. Better impedance matching over 2-20 GHz is obtained by designing a balun in the form of a radial stub. Return loss, bandwidth, radiation pattern, and directive gain are the considered antenna performance parameters. Time domain solver of CST MWS software is used to evaluate the performances of linearly tapered slot antenna (LTSA), exponentially tapered slot antenna (Vivaldi), and constant width slot antenna (CWSA). The results obtained from CST are compared with that from HFSS to further validate the design. Simulation results with extensive parametric study confirm that the novel 2-D material graphene can be considered as a promising one to model UWB tapered slot antennas. Furthermore, the effectiveness of designed graphene based tapered slot antennas is revealed by comparing their performances with other existing UWB antennas. Moreover, as a UWB application, Vivaldi antenna shows promising results in microwave brain tumor detection.
of rectangular slits provides 8.45 GHz bandwidth and 7.55 dBi gain as confirmed by the measurement results. Therefore, consummate transmission and reception of UWB signals need an improvement in the TSA antennas concomitant with the advance of technology.
Graphene is a one atom thick planar sheet of carbon atoms tightly packed into a 2-D honeycomb crystal lattice [14] , which is the substance with ability to replace the copper because of its characteristics of conductivity that is better than copper in scope of antenna. Since the discovery of this novel 2-D material, a variety of antenna types are studied based on graphene covering microwave to THz frequency range [15] [16] [17] [18] [19] . Although investigation of graphene based TSA still remains an unexplored area of research in the literature, some wideband and UWB antennas based on graphene have been designed and analyzed from different point of views recently. Specially, in the terahertz regime, the use of graphene in antenna design has attracted a wide research interest. For example, the benefit of reconfigurable graphene characteristics has been utilized in [15] to design an inset feed patch antenna for THz band application. The simulation results confirm that the antenna gain can be enhanced by incorporating a metamaterial layer and increasing the chemical potential of graphene. A Yagi antenna with graphene control has been developed in [16] for 1 THz applications. The reconfigurable characteristic of the antenna was obtained due to the tunable graphene conductivity. In microwave frequency range, flexible graphene based conductor (GBC) sheet is used to design a UWB antenna that shows an overall bandwidth of approximately 7.35 GHz and peak gain of 2.9 dB [17] . However, a comparative study reveals that the copper based antenna performs slightly better than GBC based one. Pattern reconfiguration by changing the bias voltage applied to the graphene is studied in [18] by designing a UWB dielectric coaxial hollow monopole antenna. Nevertheless, the effect of graphene as the conducting material on the performance of TSA with different tapering configurations is not reported so far.
In this paper, we design three different types of graphene based TSAs, namely LTSA, Vivaldi, and CWSA, for the first time. An approximate analytical theory [20] is considered to validate the design. The analytical model is based on conical transmission line approximation which concludes that antenna directive gain increases with frequency and radiation pattern differs completely in E and Hplane. To investigate the performance of the designed TSAs, a number of performance parameters such as return loss, VSWR, bandwidth, radiation pattern, and directive gain are calculated and analyzed. The performance of the TSAs is further optimized by designing a radial balun in conjunction with conducting an extensive parametric study. Analysis of radiation patterns and directive gain of the ultimate design coincide with the conclusions of the analytical model which validate the design. A performance comparison of the designed graphene based TSAs with some existing UWB antennas reported in the literature is presented to reveal the effectiveness of proposed design in addition to find out the taper profile for high performance graphene based TSA. Finally, graphene based Vivaldi antenna is suggested for a particular UWB application, i.e., microwave brain tumor detection and the results are presented.
MATERIALS AND METHODS
In this section, a brief description of frequency reconfigurable graphene surface conductivity for designing TSA in microwave frequency range is presented first. Next, a general analytical theory on TSA is given which is followed by a detail of antenna modeling procedure.
Graphene Material
The main advantage of using graphene in antenna design is the efficient dynamic tuning [15, 16] . Frequency dependent surface conductivity of graphene can be tuned by changing its chemical potential which is realized by adjusting a bias or gate voltage. This tunable property of graphene conductivity is utilized to tune the antenna resonance frequency, which in turn paves the way to design frequency reconfigurable antennas in microwave and THz regimes. Graphene based antennas could provide several other benefits including ease of integration, transparency and mechanical flexibility [21] . The frequency dependent 2-D surface conductivity of a single layer graphene sheet can be modeled using the well-known Kubo formula as [22] ,
where ω is the angular frequency, μ c the chemical potential, Γ = 1/2τ the scattering rate where τ is the relaxation time, T the temperature, k B the Boltzmann constant, and 2 the reduced Planck constant. However, to obtain reasonably accurate results for frequencies limited to microwave range, Equation (1) only considers intraband term. For varying chemical potential and a fixed relaxation time (τ ), real and imaginary parts of the frequency dependent graphene surface conductivity is shown in Fig. 1 . As evident from the figure, chemical potential can be treated as a key parameter to vary the conductivity which in turn tunes the resonance frequency. Relaxation time (τ ) is another factor to theoretically modify graphene's surface conductivity, which is related to scattering rate by the expression, Γ = 1/2τ . As the main relaxation centers in graphene are charged impurities, any variation in relaxation time can alter electrical conductivity of graphene which is evident from Fig. 2 . After conducting the parametric study of graphene conductivity in terms of chemical potential and relaxation time with temperature (T ) fixed at 300 K, the optimum values of μ c and τ are found to be 1.5 eV and 0.7 ps, which result in a graphene layer with minimum sheet resistance.
Analytical Theory for TSA Modeling
The choice of tapering profile of TSA affects the performance of antennas. Therefore, TSAs with different tapering profile correspond to different approximate analytical theory. For example, an approximate analytical theory is proposed in [23] to analyze the radiation patterns of LTSA. An approximate analytical form of Vivaldi on dielectric is proposed in [20] , which is also claimed to be valid for all types of TSA.
In Fig. 3 , the Vivaldi structure is approximated by using the opening angle and width gradually changing conical transmission line model. Consequently, the electromagnetic mode of each conical transmission line can be found and the basic mode is [20] , Figure 3 . Field distribution of Vivaldi structure on dielectric [20] .
where
ϕ is the field distribution, ϕ the observation angle, ϕ
0 the opening angle of the i-th sector, k i the i-th wave number, and r the distance from a field point to the source point.
and Z (i) c are the characteristic impedance of (i − 1)-th and i-th sectors, respectively, and P and Q are the incident and reflected waves, respectively. The radiation fields can be calculated from the azimuthal electric field distribution across the slot using Equation (2) . This vector field can be decomposed into two components as,
where, a ϕ , a z , and a x are the unit vectors. The radiated field can be given by Green's formalism as,
where, S is the tapered slot aperture, and G is the dyadic Green's function [24] , given as,
where, G θ,z and G θ,x are the copolar radiated fields due to a longitudinal electric field source, while G ϕ,z and G ϕ,x yield the cross-polar radiated field due to a longitudinal and radial electric field source respectively. Through this analytical treatment, the radiation characteristics can be calculated which conclude that Vivaldi antenna's directive gain increases with the frequency and the patterns are different in E and H plane. The design of graphene based TSA in this paper is validated by fulfilling these two particular conditions.
Graphene Based TSA Design
Meanwhile, the antennas modeled in this work are illustrated in Fig. 4 . The antennas are designed on the 0.8 mm thick Rogers RT5870 substrate with permittivity (ε r ) 2.33 and dissipation factor 0.0012. The size of the substrate is taken as 40× 45 mm 2 . The projected antenna contains a microstrip feed line, microstrip to slot line transition, and the radiating structure. Radiation from the antennas takes place along the axis of tapered radiating structure. Theoretically unlimited bandwidth can be achieved by the continuous scaling and gradual curvature of the radiating structure, but practically slot line width, taper dimension, and transition from feed line are the factors to limit the theoretical bandwidth.
Figures 4(a), (b), and (c) depict the top view of Vivaldi antenna, LTSA, and CWSA, respectively. Length (L 1 ) and width (s) of the slotline, aperture length (L 2 ), edge offset (a), diameter (d) of the circular cavity, and length (L) and width (W ) of substrate material are same for all the three TSAs. The dimension of the feeding structure including the radial balun is also same for three TSAs which are shown on the bottom part of antenna in Fig. 4(d) . The taper profile of the Vivaldi antenna, i.e., exponential radiating curve is expressed as, where, constant A and opening rate B are given by,
where, L a is the aperture length, W a is the aperture width, and s is the slotline width. Aperture length is the effective length of tapering area which equals to L 2 in Fig. 4(a) . Aperture width is taken equal to the substrate width. In Equation (6), y is the separation between the radiating curves at the origin and x is the length parameter. When x increases in the positive direction, the exponential radiating curves start flaring and the energy will have left the guiding structure. After a certain length (here, x = L 2 ), the exponential radiating curves will be truncated and the radiation in free space will take place. In the negative x-direction, the bonding between the EM wave and the conductors increases with increasing x which results in little radiation. In this direction, the curves are ended up in a circular cavity which acts as an open circuit to minimize the reflection of the stripline-slotline junction. Thus the theoretical infinite bandwidth of Vivaldi antenna is limited by the finite sized substrate, where the maximum positive and maximum negative x dimensions are controlled by the lowest and highest frequency respectively. Edge offset (a) is considered as the key parameter to conduct parametric study in this work. Edge offset can be varied by varying either substrate width or opening rate. In this paper, to maintain a constant substrate width, a relation between edge offset and opening rate is developed so that the former can be varied with a variation in the later. Therefore, edge offset (a) is related to opening rate (B) by the following expression,
In the case of LTSA and CWSA, the tapering profile consists of straight line which can be constructed by simply joining two points in rectangular coordinate system. The straight radiation line can be expressed by well known straight line equation as,
where m is the slope of the straight line which gets steeper as the edge offset increases. However, in both the cases of LTSA and CWSA, the energy is strongly tied to the conductors at the starting of slotline in the negative x-direction and minute radiation takes place. When the length parameter x increases in the positive direction, the radiating line flares from each other and the EM energy starts leaving the guiding structure resulting in free space radiation. Meanwhile, the physical size of the antenna and the availability of fabrication capabilities limit the bandwidth of TSA. To arrive with respect to UWB band, the minimum frequency (f min ) is taken as 2 GHz and the center frequency (f c ) is chosen as 10 GHz. With these frequency selections, the bound on the value of aperture width is calculated as follows [25] ,
where λ g is given by,
where c is the speed of light (3 × 10 8 m/s), f min the minimum frequency (2 GHz), and ε the dielectric constant (2.33) of the substrate. Putting these values in Equation (12), we have the value of λ g which after substituting in Equation (11) gives the maximum aperture width (W a max ) as 49 mm. The minimum value of the aperture width is calculated as,
where f c is the center frequency (10 GHz). After putting the values of all parameters in Equation (13), we have the value of minimum aperture width (W a min ) as 19.65 mm. The TSAs designed in this paper maintain this bound of aperture width and thereby operate in the UWB band. Finally, Table 1 shows all the optimized dimension parameters to design the graphene based TSAs in this work. 
RESULTS AND DISCUSSIONS
To explore the usefulness of tunable surface conductivity of graphene in microwave antenna design, simulated reflection coefficients (S 11 ) of LTSA, Vivaldi and CWSA with the edge offset a = 0 mm are presented in Figs. 5(a), (b), and (c), respectively. Actually the scenarios in Fig. 5 are the inferences from Fig. 1 which justify the advantages of highly variable graphene conductivity to tune antenna resonant frequency. The relaxation time is considered as 0.1 ps in this case. It is observed from Fig. 5 that with zero edge offset, the reflection coefficient gets better linearly with increasing chemical potential for Vivaldi antenna while a discrepancy is found at 0.7 eV for LTSA and CWSA. Next, the effect of changing edge offset (a) on each TSA is investigated which is observed in Fig. 6 . To carry out this investigation, the optimum values of chemical potential (μ c ) and relaxation time (τ ) are determined from Fig. 2 . It is seen from Fig. 2 that the conductivity of graphene increases with τ for μ c fixed at 1.5 eV, and for τ = 0.7 ps, resistance of graphene sheet is lowered sufficiently. Therefore, optimal values of τ and μ c are taken as 0.7 ps and 1.5 eV respectively, to model the monolayer graphene for the final TSA design. For a = 15 mm, best reflection coefficient by LTSA is seen in Fig. 6(a) . In this case, peak resonance occurs at low frequency region. Enhanced result in terms of reflection coefficient is obtained at a = 10 mm for Vivaldi antenna which is evident from Fig. 6(b) . In this case, peak resonance occurs at relatively high frequency region compared to LTSA. For CWSA, the best S 11 is observed at a = 15 mm as shown in Fig. 6 (c) where two resonance peaks are found at low frequency region. From Figs. 6(a), (b) and (c), it can be seen that all the three TSAs provide peak resonances at the centrer frequency 10 GHz for a = 5 mm. Hence, a comparison of reflection coefficients between LTSA, Vivaldi and CWSA is made in Fig. 6(d) for the same edge offset (a = 5 mm). It is observed from the figure that the Vivaldi antenna provides the best performance in terms of reflection coefficient than other two TSAs namely LTSA and CWSA.
In Fig. 7(a) , the bandwidth performance in terms of return loss is evaluated for LTSA. The lower (f L ) and upper (f H ) frequencies at which the return loss curve crosses −10 dB are 2.1117 GHz and 20.446 GHz respectively. Therefore, return loss bandwidth of LTSA (RL BW LTSA ) is determined as follows, above evaluation of bandwidth performance, it can be seen that the gaphene based Vivaldi antenna provides the best performance in terms of return loss bandwidth and FBW. The 3-D radiation patterns of three TSAs, namely LTSA, Vivaldi, and CWSA at the center frequency 10 GHz with edge offset a = 5 mm, are shown in Fig. 8 . At this particular frequency, peak resonances occur in the TSAs with edge offset a = 5 mm. Although end-fire radiation characteristics are observed from LTSA, Vivaldi, and CWSA in Figs. 8(a), (b) , and (c) respectively, it is seen that the LTSA provides the highest directive gain in comparison to other two TSAs namely Vivaldi and CWSA.
Radiation characteristics of graphene based TSAs in E-and H-planes for varying edge offset (a) are described in Fig. 9 . These patterns are recorded at 10 GHz so that differences in patterns can be analyzed at the same and relatively high frequency. Entirely different radiation patterns are observed in E-and H-planes for all the three antennas, which corresponds to one of the conclusions of the analytical model.
After confirming one of the conclusions of analytical TSA model, i.e., different patterns in E-and H-planes, change of directive gain with frequency is studied to ascertain another condition. Fig. 10 is plotted to investigate how the directive gain reacts to frequency change. The effect of edge offset on directive gain is also studied in the same figure. For all the TSAs, itis observed from Figs. 10(a), (b), and (c) that the directive gain increases with an increase in frequency, which agrees with the conclusion of analytical model. While investigating the effect of edge offset on the directive gain, it is found from Fig. 10 (a) that an increase in edge offset degrades the directive gain for LTSA. In this case, the best result is obtained for a = 5 mm. In general, it can be concluded that the steeper the slope of graphene based LTSA is, the lesser the directive gain is achieved. Fig. 10(b) reveals that the same conclusion can be drawn for Vivaldi antenna as LTSA. In this case also, better increase in directive gain with frequency is found for a = 5 mm, and as a whole, directive gain degrades with an increase in edge offset. For CWSA, it is seen from Fig. 10(c) that a = 10 mm gives the best result in terms of directive gain versus frequency. Nevertheless, CWSA opposes other two TSAs in that its directive gain increases with an increase in edge offset from 0 to 10 mm. For a = 15 mm, directive gain decreases which can be treated as an exception as for a = 5 mm in the case of LTSA and Vivaldi antennas. Finally, a comparison of directive gain for three graphene based TSAs with edge offset fixed at 5 mm is illustrated in Fig. 10(d) , where the frequency range is extended to 25 GHz so that gain bandwidth can be determined properly. It can be concluded from this figure that graphene based LTSA for a = 5 mm provides the best directive gain in relatively high frequency region. This is because there is no discontinuity in the tapering profile of LTSA, and hence surface current can travel along the linear tapering with relative ease as compared to Vivaldi antenna and CWSA. However, in the low frequency region, conventional exponential tapering (Vivaldi) performs the best in terms of directive gain, which is extremely advantageous in UWB application like microwave imaging for brain tumor detection.
Gain bandwidth (GBW) of the designed TSAs can be determined from Fig. 10(d) , where the highest frequency (f H ) is same (25 GHz) for all the three TSAs. The lowest frequencies (f L ) assuming 6 dBi as the reference gain for LTSA, Vivaldi and CWSA are 6.45 GHz, 5.95 GHz and 6.90 GHz, respectively. Therefore, the following calculations are carried out to determine the gain bandwidth of LTSA (GBW LTSA ), Vivaldi (GBW Vivaldi ) and CWSA (GBW CWSA ):
Thus, graphene based Vivaldi antenna outperforms other TSAs in terms of gain bandwidth also. It is also observed that the gain bandwidth is different from return loss bandwidth because the highest frequency is same for all the three TSAs in the case of gain bandwidth. 
NR -Not reported
The efficacy of modeled graphene based TSAs is analyzed by comparing their performances with other existing UWB antennas as shown in Table 2 . It is observed from this table that the graphene based TSAs designed in this work provide enhanced outcomes as compared to other UWB antennas reported in the literature except [11] . A novel technique using composite aperture structure was proposed in [11] to achieve linear phase center in the end-fire taper slot Vivaldi antenna. The simulation and experimental results show that the proposed model is able to operate in a wide bandwidth of 3-22 GHz with a peak gain of 15 dBi. Thus, careful engineering in the structure of copper based TSA can provide higher gain than the graphene based one. However, while comparing among different taper profiles, it can be said that the exponential tapering is the best for improved impedance matching. Morever, in terms of directive gain, linear and exponential tapering perform better in the relatively high and low frequency regions respectively. Nevertheless, the simulation results obtained by CWSA are also appreciable as compared to other conventional and graphene based UWB antennas.
Finally, the validation of the designed TSAs is done by simulating the same antennas with another software HFSS and comparing the results. Figs. 11 and 12 provide the simulation results in terms of reflection coefficient and E-plane radiation pattern respectively, obtained from CST and HFSS software. From Fig. 11 , a close agreement of S 11 obtained from CST and HFSS is observed, which indicates a validation of our design. Although slight deviation in side lobe level is found, a better agreement in case of peak gain and main lobe direction is observed for E-plane radiation patterns in Fig. 12 . These patterns are plotted at the center frequency 10 GHz with an edge offset of 5 mm.
APPLICATION OF THE TSA IN UWB MICROWAVE BRAIN IMAGING
From the performance comparison available in Table 2 , graphene based Vivaldi antenna is suggested for the human brain tumor detection using UWB microwave brain imaging technique. Such an application usually requires a larger bandwidth to ensure minimum distortion and dispersion on the transmitted or received signals. On this application, an antenna with directive pattern, improved return loss, VSWR and gain is highly desirable. The suggested antenna can fulfill these requirements and thus successfully be utilized in brain tumor detection application. However, to verify the application of the suggested antenna in brain tumor detection, a four-layered human head model with tumor inside it is used in the simulation [26] . Among the four head tissue layers, the inner layer is the white matter with a radious of 93 mm and the other layers are bone, fat and skin with thickness of 5 mm, 1 mm and 1 mm respectively. The dielectric properties of these tissues are obtained from the material library of CST MWS software. The dimension and dielectric properties of tumor are taken from [26] . Mono-static radar based microwave imaging technique is utilised in this case where a single antenna scans the head phantom. Graphene based Vivaldi antenna with edge offset of 5 mm is chosen as the scanning antenna among three TSAs, because it provides better directive gain in relatively low frequency region, which is extremely useful for penetrating the head tissue layers. Cylindrical scan mode is adopted where the scanning is done by rotating the antenna around the head phantom, as displayed in Fig. 13 . It uses a fixed number of rotation steps, for which the cylindrical rotation index, referred to as i, takes integer values ranging from 1 to 360 degrees. Here 36 antenna positions are used to illuminate the whole phantom region, therefore the angular step between two adjacent antenna positions is 10 degree. The distance between the scanning antenna and the phantom surface is taken as 10 mm. At each antenna stop position, the phantom is simulated and the frequency domain scattering signal is collected. This received signal includes reflections from different head tissue layers, clutters and tumor response. To extract the tumor response from this received signal, a reference signal is obtained by simulating a head phantom without tumor inside it. The received and reference signals are transformed from frequency to time domain by Inverse Fast Fourier Transform (IFFT). Then the time domain tumor response is obtained by subtracting the reference signal from the received signal. This tumor response still contains some clutter due to reflection from antennas. In order to reduce the reflections due to antenna, the tumor response is first averaged and then subtracting the averaged signal from the tumor response for each antenna position. After that, synthetic focusing is performed and finally the intensity values are calculated and plotted to generate a continuous color image as shown in Fig. 14 . High intensity of colors indicates positions of significant scatterers (tumor) inside the head. It is clear from Fig. 14 that the designed graphene based Vivaldi antenna has the potential to detect tumor inside human head using UWB microwave imaging technique.
CONCLUSION
The design of graphene based tapered slot antenna (TSA) for ultra-wideband applications is reported. The effect of a single layer graphene sheet of 35 µm thickness as the radiating element and feeding structure on the performance of linear tapered slot antenna (LTSA), exponential tapered slot antenna (Vivaldi), and constant width slot antenna (CWSA) is investigated. An approximate analytical theory is considered to assess the design of TSAs. Simulation results show that the designed TSAs possess the characteristics as concluded in the analytical theory which confirms our design. While conducting parametric study, the optimum value of the edge offset (a) is found to be 5 mm, for which all the three TSAs show peak resonances at the center frequency 10 GHz. In terms of directive gain, LTSA performs the best in relatively high frequency region and Vivaldi antenna provides enhanced result in low frequency region. The tendency of graphene based Vivaldi antenna to provide higher gain in relatively low frequency region is absolutely beneficial in UWB radar based microwave imaging, in order to obtain sufficient penetration depth of the transmitted signal inside the dielectric tissue layers and fairly good resolution of the reconstructed image. Therefore, graphene based Vivaldi antenna is selected for a particular UWB application, i.e., microwave brain imaging for brain tumor detection, due to its improved performances in comparison to other two TSAs. The reconstructed tumor image indicates that the suggested antenna has the potential to be reliably utilised in such UWB application, and the study conducted in this paper is expected to be helpful for the future research on graphene based TSA modeling.
